Poales [represented by rice (Oryza sativa L.)] in angiosperms and Equisetum (horsetails) in Pteridophytes are two major groups of heavy silicon (Si) accumulators. In rice, Si is polymerized preferentially in the epidermal cell wall, forming Sicuticle double layers and Si-cellulose double layers beneath the cuticle. This Si layer is thought to exert various beneficial effects on the growth and development of land plants.
Introduction
Silicon (Si) is the second most abundant element on the surface of the earth. Si is present in all plants that are rooted in soil, although there is a wide variation in Si accumulation among plant species (Ma and Takahashi 2002, Hodson et al. 2005) . Plants of the orders Poales (Angiosperm) and Equisetales (Pteridophyte), which are phylogenetically distant from each other, show high levels of Si accumulation, which is a major inorganic constituent of these plants (Epstein 1999 , Hodson et al. 2005 . Since grasses (Poales) and horsetails (Equisetales) grown in the absence of Si become either stunted or weak, Si is considered to be important for the normal growth and development of these plant species (Takahashi and Miyake 1997) .
Rice (Oryza sativa L.) shows the highest level of Si uptake among plants in the order Poales, accumulating Si at a level of 10-15% on a dry weight basis (Epstein 1999) . Silica is mainly deposited in the cell walls of the epidermis of all above-ground tissues of rice (Kim et al. 2002) . Several studies show that the silica layers in epidermal cell walls have various beneficial effects on rice growth and development. For example, Si increases resistance to fungi and bacteria, and reduces cuticular transpiration (Ma et al. 2011) .
Si accumulation in plants results from the uptake of soluble silicic acid from the soil, translocation of silicic acid within plant tissues, and controlled polymerization of silicic acid at a final location (Currie and Perry 2007) . The recent discovery of the influx and efflux transporters of silicic acid has provided new insights into the underlying molecular mechanisms of Si uptake (Ma 2012) . Si is taken up and transported into the root stele in the form of silicic acid via two transporters, Lsi1 and Lsi2, which mediate influx and efflux transport, respectively , Ma et al. 2007 . Silicic acid is then translocated to the shoot through the xylem, where it is taken up by another influx transporter for silicic acid, Lsi6 (Yamaji and Ma 2009) . Finally, Si is deposited into the cell walls of the epidermis as a polymer of amorphous Si, forming Si-cuticle double layers and Si-cellulose double layers beneath the cuticle. Although a possible interaction between Si and cell wall components has long been postulated, the molecular basis of this final process has not been elucidated (Inanaga and Okasaka 1995, Ishii and Matsunaga 2009 ).
The plant cell wall is a complex but highly ordered structure composed of cellulose microfibrils, matrix polysaccharides and lignin. The composition of the cell wall varies among plant species, reflecting (in some instances) the evolutionary distances between the species . Species of Poales have unique primary cell walls with a high level of (1;3,1;4)-b-D-glucan (Carpita 1996 , Vogel 2008 , also known as mixed-linkage glucan (MLG), serving as a matrix polysaccharide. MLG has not been found in the cell walls of any angiosperm species outside of the Poales. However, MLG was recently found to be abundant in the cell walls of the Equisetum (Equisetales) species (Fry et al. 2008 , Sørensen et al. 2008 . Thus, despite the lack of a close evolutionary relationship between Poales and Equisetum, the cell walls of these plants share common characteristics in terms of both the presence of MLG and high Si content. Based on this coincidence, a possible functional correlation between MLG and Si accumulation was recently suggested (Fry et al. 2008 , Burton et al. 2009 ), but no experimental evidence in support of this hypothesis has been reported. Furthermore, the phenotype of mutant rice plants with reduced contents of MLG reportedly resembled that of Si-deficient rice (Nishizawa et al. 2003 , Vega-Sánchez et al. 2012 , Taketa et al. 2012 .
To investigate the functional relationship between Si and MLG in the cell wall, we generated transgenic rice lines with reduced MLG content by overexpressing the OsEGL1 gene, which encodes (1;3,1;4)-b-D-glucanase, an MLG-degrading hydrolase. The reduction of MLG in the leaf blades did not affect the total Si concentration in the leaf blade, but it significantly altered both the distribution profile of Si within the tissue and the mechanical properties of the leaf blade provided by Si application. The results provide evidence for the role of MLG in the functional location and quality of the Si that is deposited in the leaf blades of rice.
Results

Growth and MLG content of leaf blades of rice plants at various foliar ages
To examine the relationship between leaf growth and the amount of MLG in the leaves of wild-type rice plants, we measured the lengths and total MLG contents of the fifth leaf blades of plants at foliar ages 4.2, 4.7, 5.2, 5.7 and 6.2. The leaf blades maintained almost linear growth until foliar age 5.2, and then stopped growing (Fig. 1) . The MLG content was highest at foliar age 4.7, and then declined sharply (by >80%) and remained constant thereafter, with a content of approximately 0.2% (w/w; Fig. 1 ). These results indicate that there is a high level of transient accumulation of MLG in growing leaves, and they confirm that a certain amount of MLG remains in rice leaves even after the cessation of leaf growth.
Transgenic plants overexpressing (1,3;1,4 
)-bglucanase
To assess the effects of a reduction in MLG on rice growth and development, we generated 35 independent transgenic lines in which transcription of OsEGL1 mRNA was driven by the Cauliflower mosaic virus (CaMV) 35S promoter ( Fig. 2A) . The OsEGL1 protein specifically hydrolyzes (1;3,1;4)-b-D-glucan but does not act on other b-glucans, such as laminarin, curdlan or carboxymethyl-cellulose (Akiyama et al. 2009 ). We selected one homozygous T 2 line (oxEGL1) that showed a high level of OsEGL1 mRNA expression and a significant reduction in MLG content compared with wild-type plants (Fig. 2B, C) . Comparison of MLG accumulation in leaf blades of wild-type and oxEGL1 plants
We compared the abundance and location of MLG in the fifth leaf blades of oxEGL1 and wild-type plants using indirect immunofluorescence labeling with an anti-MLG antibody followed by observation under a laser scanning confocal microscope. In the fifth leaf blade of wild-type rice, MLG occurred in every cell type, including parenchyma cells and cortical sclerenchyma, at foliar age 4.2. At foliar age 5.2 (when the leaf blade was no longer expanding), the amount of MLG was reduced drastically in parenchyma, but a high level of MLG was still localized in sclerenchyma, bundle sheath fibers and xylem in the expanded leaf (Fig. 3A, B) . The amount of MLG was significantly lower in oxEGL1 plants than in wildtype plants, particularly in parenchyma cells (cf. Fig. 3A , C and 3B, D).
To examine the localization of MLG within the cell walls of parenchyma and cortical sclerenchyma in more detail, we performed immunogold electron microscopy analysis using the same anti-MLG antibody. In wild-type developing leaves, the cell walls of parenchyma and cortical sclerenchyma were heavily labeled with gold particles (Fig. 3E, I ). In the fully expanded leaves of the wild-type plants, no labeling was observed in the cell walls of parenchyma, whereas the cell walls of cortical sclerenchyma were extensively labeled (Fig. 3F, J) . In oxEGL1 plants, the labeling was barely detectable in the cortical sclerenchyma of the developing leaves (Fig. 3K) , and it was not detected in the parenchyma cell walls of the developing leaf blades (Fig. 3G ). In the fully expanded leaves, little or no labeling was detected in the parenchyma or cortical sclerenchyma (Fig. 3H, I ). These results demonstrate that ectopic overexpression of OsEGL1 caused marked degradation of MLG, but this compound was not fully degraded in the developing leaves. 
Mechanical properties of oxEGL1 plants
OsEGL1 plants did not exhibit a dramatic morphological phenotype, although detailed analysis revealed statistically significant changes in certain growth parameters, such as leaf length and plant height, compared with wild-type plants ( Supplementary  Fig. S1 ). Accordingly, we investigated the differences in the mechanical properties of leaf blades between oxEGL1 and wild-type plants grown in soil-filled pots under normal conditions. To measure susceptibility to lodging, we performed a compression test in which we continuously recorded the level of load on the fifth leaf blade as a function of bending deformation applied to the leaf blade using a creep meter. The load required to bend the leaf blade at a certain bending deformation (e.g. 20%) was significantly lower in oxEGL1 plants than in wild-type plants, indicating a reduction in mechanical strength in the oxEGL1 line (Fig. 4A) .
Composition of the secondary cell walls of wild-type and oxEGL1 plants Since the secondary cell wall has long been considered to contribute exclusively to the mechanical strength of plant tissues, we histochemically compared the deposition of cellulose and lignin in the cortical fibers, bundle sheath fibers and xylem between oxEGL1 and wild-type plants. The thickness of the secondary cell walls of oxEGL1 plants was not distinguishable from that of wild-type plants (Supplementary Table S1 ; Supplementary Fig. S2 ). The intensity of phloroglucinol staining and the morphology of the lignified secondary cell walls were also indistinguishable between oxEGL1 and wild-type plants ( Supplementary Fig. S2 ). These results clearly indicate that components of the secondary cell walls, such as lignin and cellulose, were not affected by the reduction in MLG. Furthermore, we compared the deposition of xylan between oxEGL1 and wild-type plants by performing immunohistochemical analysis using the CCRC-M138 antibody, which specifically recognizes xylans. Again, there were no marked differences between the staining patterns of oxEGL1 and wildtype plants ( Supplementary Fig. S3 ).
Effects of MLG on the mechanical properties provided by Si
Si is considered to be important for mechanical strength, and hence for resistance to lodging in rice. To assess the effects of the MLG deficiency on the mechanical strength provided by Si in oxEGL1 plants, we performed compression tests to measure the differences in load as a function of bending deformation of the leaf blades between oxEGL1 and wild-type rice cultured in water in the presence (+Si) or absence (-Si) of Si. In the absence of Si, the load required to bend (e.g. at 20% of deformation) was 0.33 N in the wild type and 0.30 N in oxEGL1 plants. Si application caused a prominent increase in load (by >2-fold; 0.84 N) in wild-type plants. In the oxEGL1 line, the effect of Si application on the mechanical properties of the cell wall was significantly reduced. The load at 20% of bending deformation was approximately 0.56 N (Fig. 4B) , suggesting that MLG and Si interact to provide the leaf blade with mechanical strength.
Comparison of the accumulation and localization patterns of silicon between wild-type and oxEGL1 plants To gain insight into the possible interaction between MLG and Si in providing mechanical strength to the leaf blade, we first determined whether MLG deficiency affected Si accumulation by comparing the Si contents in the leaves of 4-week-old seedlings grown under +Si conditions between oxEGL1 and wild-type plants. The total Si content in the oxEGL1 line was not distinguishable from that of wild-type plants (Fig. 5) , indicating that MLG does not have an inhibitory effect on either the total uptake or the accumulation of Si in the leaf blade.
We next compared the localization patterns of Si with the leaf blades of oxEGL1 and wild-type plants using a scanning electron microscope equipped with an energy-dispersive X-ray microanalyzer (SEM-EDX) to visualize Si within the leaf blade. In wild-type plants, the highest intensity Si signal was localized in the marginal areas of the leaf blades (white to red color), and lower intensity signals were detected in the other cell types, except for vascular tissues. In contrast, an intense signal was not observed in the marginal region in the oxEGL1 line; instead, Si signals were detected throughout the leaf surface (Fig. 6) .
To validate the differential distribution pattern between the oxEGL1 and wild-type plants we employed a crystal violet lactone staining procedure for detection of certain Si compounds ( Supplementary Fig. S4 ). Although the crystal violet lactone staining pattern is different from the SEM-EDX pattern, differential staining patterns are observed between the oxEGL1 and wild-type plant. At present, however, we do not know the chemical nature of the Si compounds visualized by the two different imaging procedure, and this issue needs further investigation. 
Discussion
Possibility of MLG-mediated Si polymerization
MLG is a defining feature of the rice cell wall, and it has multiple functions associated with metabolic, growth and defense systems. Transgenic rice constitutively expressing either Gns1 or OsEGL1, which are closely related to each other and encode (1;3,1;4)-b-glucanases, exhibit stunted growth and impaired fertility and resemble disease-lesion-mimic mutants (Nishizawa et al. 2003 , Akiyama et al. 2009 ). Loss-of-function mutations in the CslF6 gene, which encodes a glycosyltransferase capable of mediating the synthesis of MLG, also cause stunted growth, defects in the mechanical properties of mature stems and a disease-lesion-mimic phenotype in leaves (Vega-Sánchez et al. 2012) . Although this indicates the important physiological roles of MLG in rice, the primary action of MLG in the cell wall remains elusive. Interestingly, another defining feature of MLG is that it is uniquely found within the plant kingdom in only two phylogenetic groups, i.e. the angiosperm order Poales and the Pteridophyta order Equisetales, which both exhibit high Si accumulation in their cell walls. The common defining features of the two cell wall components in these phylogenetically independent groups imply convergent evolution, which prompted the hypothesis that MLG function is closely related to silicification (Fry et al. 2008 ), but no substantial evidence has thus far supported this hypothesis.
Accordingly, in the present study, we aimed to investigate the functional interaction between Si and MLG in terms of their effects on the mechanical properties of rice cell walls in leaf blades using MLG-deficient transgenic rice. The two major findings of this study are: (i) a reduction in MLG content did not affect the uptake or total accumulation of Si within the leaf blade (Fig. 5) , but it significantly altered the Si distribution patterns within tissues ( Fig. 6; Supplementary Fig. S4) ; and (ii) the mechanical strength of the leaf blade provided by Si application was drastically reduced in the MLG-deficient line ( Fig. 4; Supplementary Fig. S5 ). These findings provide experimental evidence for the functional interaction between Si and MLG in the leaf blade and suggest that MLG affects the mechanical strength provided by Si.
In the present study, we did not detect a direct interaction between MLG and high molecular weight Si, and it is unclear whether MLG is directly chemically linked to either the silica body or to any other form of Si in the rice cell wall. Given that MLG was rapidly degraded in the primary cell walls in certain cell types such as parenchyma during the development of the leaf blade (cf. Fig. 1 and Fig. 3A , B, E, F), it is unlikely that silica remains bound to MLG, which is degraded after the leaf stops expanding. On the other hand, in the secondary cell walls of cortical sclerenchyma, MLG remained undegraded even after the leaf stops expanding (cf. Fig. 3A, B, I, J) . Thus, we cannot exclude the possibility that some silica remains bound to these undegraded MLGs in the secondary cell walls.
Irrespective of the explanation, the results suggest that there is at least a temporal (indirect or direct) link between MLG and Si during and after the leaf expansion process. It is possible that MLG plays a role in controlling either in muro polymerization or localization of Si during leaf development, thereby determining the accumulation pattern of polymerized Si, which is responsible for the mechanical strength of the leaf blade and, hence, resistance to pathogen attack.
In support of this notion, the phenotype of MLG-deficient mutant rice is similar to that of Si-deficient rice (Nishizawa et al. 2003 , Taketa et al. 2012 , Vega-Sánchez et al. 2012 ). Thus, it seems likely that the phenotype of the MLG-deficient mutant is a consequence of a defect in functional Si deposition caused by the MLG deficiency. If these plants exhibit alterations in the functional location and quality of the silica deposited, this would lend support to the notion of an interaction between MLG and silica.
In this study we have demonstrated a functional synergistic interaction between MLG and Si distribution within tissue in terms of the mechanical properties of rice leaf blades. This study has also shown that the MLG deficiency in the oxEGL1 plant does not affect the total Si accumulation in the leaf blade, indicating that MLG is not an absolute requirement for the high Si uptake by rice leaf blades. This conclusion is consistent with the fact that there are many other plant orders, including Saxifragales and Fagales, in which high silica deposition occurs in the absence of MLG in their cell walls. Based on these findings taken together, we propose that MLG is required for proper distribution of Si within tissue of rice leaf blades, a process whose defect reduces the mechanical properties of the leaf blades, and hence their biological functions.
Interaction of Si with other cell wall components
Although chemical approaches have shown involvement of peptides, proteins and proteoglycans as possible control molecules responsible for polymerization or condensation of Si in vitro (Perry et al. 2000 , Patwardhan et al. 2012 , the mechanism by which Si is deposited in the cell walls of land plants remains elusive. The possible interaction of polymerized Si with cell wall components other than MLG has been previously investigated, and putative Si-binding components have been extracted from the cell wall. Although these studies suggest the co-existence of phenol-carbohydrate or lignin-carbohydrate complexes with high molecular weight Si complexes in rice shoot cell walls, the cell wall component that binds to the Si complex has not been chemically identified (Inanaga and Okasaka 1995, Ishii and Matsunaga 2009 ).
In addition, in vitro simulation experiments have demonstrated that Si deposition in aqueous borax solution is induced by the addition of soluble lignin derived from rice (Fang and Ma 2006) . More recently, Si deficiency in rice was shown to result in increased expression of the genes responsible for secondary cell wall synthesis and lignin accumulation (Suzuki et al. 2012 .
These experiments indicate that there is a possible interaction between Si and lignin and other components in the secondary cell wall. The results of these experiments are consistent with those of the present study, and they suggest that there may be functional interactions among Si, MLG and other components of the secondary cell wall, including lignin. Based on these findings, we propose that MLG is responsible for controlling the physiological function of polymerized Si in the rice cell wall by determining either the site of polymerization or the accumulation of silica, along with other cell wall components, including lignin, during the development of the leaf blade.
Materials and Methods
Plant material
Rice (Oryza sativa L. cv Nipponbare) plants were grown in individual cylindrical plastic pots containing approximately 100 ml of soil. The pots were placed in a container filled with tap water fortified with fertilizer (HYPONeX, Hyponex Japan Corp. Ltd.). The plants were grown in a growth chambers (model LH220S, Nippon Medical & Chemical Instruments Co., Ltd.) at 28 C under a 15 h light (at 150 mmol -2 s -1 )/9 h dark cycle during vegetative growth and then switched to a 9 h light/15 h dark cycle. To analyze Si responsiveness, seeds were soaked in water fortified with fertilizer (HYPONeX, Hyponex Japan Corp. Ltd.) with (+Si) or without (-Si) 1.5 mM SiO 3 2-and grown at 28 C under a 15 h light (at 150 mmol -2 s -1 )/9 h dark cycle. Foliar age 'm.n' is defined as those in which the mth leaf is fully expanded and the (m + 1)th leaf is under development with a length of n/10 of the fully expanded length.
Plasmid constructs
An OsEGL1 overexpression construct was designed in which transcription of OsEGL1 mRNA was driven by the CaMV 35S promoter. The cDNA of OsEGL1 was amplified by PCR using the primers 5 0 -GGATCTAGAATGGAGCAGAAGCC ACC-3 0 and 5 0 -GTTGGATCCCTAGCACTCGGGGTAC-3 0 . The amplified fragment was digested with BamHI and SacI and then cloned into the BamHI/ SacI restriction site of the binary vector pBI121 (Clontech Laboratories, Inc.) to replace the b-glucuronidase (GUS) structural gene with the OsEGL1 cDNA. The CaMV 35S promoter-OsEGL1 cDNA-Tnos frament that was cloned into pBI121 was excised with HindIII and EcoRI and cloned into the HindIII/EcoRI restriction site of the binary vector pGPTV-HPT.
Production of rice transformants
The pGPTV-HPT constructs were used to transform Agrobacterium tumefaciens strain C58C1. Transformation of rice calli was performed as reported previously (Toki et al. 2006) . The hygromycin-resistant rice plants were subsequently acclimated in Murashige and Skoog medium without hormones for 4 weeks and transplanted to soil in a pot. T 2 generation plants (homozygous lines) overexpressing EGL1 mRNA (designated oxEGL1 lines) were selected and used for all experiments in this study.
RT-PCR
For semi-quantitative reverse transcription-PCR (RT-PCR), wild-type and oxEGL1 seedlings were frozen in liquid nitrogen and subjected to total RNA extraction according to the conventional SDS-phenol protocol . Total RNA was treated with DNase I (TAKARA BIO INC.) to eliminate genomic DNA contamination. Single-stranded cDNA was synthesized from total RNA using MultiScribe Reverse Transcriptase (Applied Biosystems). PCR was performed with GoTaq DNA polymerase (Promega) using single-stranded cDNA as a template and a set of specific primers, which were designed to amplify the full-length coding region of the OsEGL1 cDNA.
Measurement of MLG content
To quantify the levels of MLG, fifth leaf blades were harvested, freeze-dried and ground to a powder using a Tissue Lyser II (Qiagen) for 4 min at 25 Hz. MLG was measured using a small-scale version of the Mixed-Linkage Beta-Glucan Assay Kit (15 mg of AIR; Megazyme International Ireland Ltd.). In this assay, cell walls are digested with lichenase, an MLG endohydrolase, which releases specific oligosaccharides that are then digested to glucose via b-glucosidase treatment. The glucose is then quantified colorimetrically via a reaction involving glucose oxidase and peroxidase. The absorbance from this colorimetric reaction was measured at a wavelength of 510 nm using a microplate reader (Viento XS, DS Pharma Biomedical Co., Ltd.).
Immunofluorescence
For localization of MLG in the fifth leaf blade, 70 mm thick cross-sections were prepared from the leaf blade using a vibratome (VT 1000S, Leica Instruments) and immediately fixed in phosphate-buffered saline (PBS) containing 4% paraformaldehyde. Fixed sections were immunolabeled with a mouse anti-MLG antibody (Biosupplies Australia Pty. Ltd.) diluted at 1 : 1,000 (w/v), followed by secondary detection of the anti-MLG antibody with a horseradish peroxidase-conjugated goat anti-mouse antibody. To increase the sensitivity of the immunodetection, we employed Alexa Fluor 488 tyramide (Invitrogen/ Molecular Probes). Fluorescence signal (excitation/emission maxima: 495/ 519) was observed under a confocal laser scanning microscope (FV1000-D, Olympus).
Immunogold labeling analysis
For immunogold labeling of mouse anti-MLG antibody staining, samples were fixed for 1 h in 0.05 M cacodylate buffer, pH 7.4, containing 4% paraformaldehyde, 0.1% glutaraldehyde and 0.5% tannic acid, and were then were embedded in LR White Resin (London Resin Co. Ltd.) and polymerized by heat. Ultrathin sections were prepared and transferred to nickel grids, which were then blocked in PBS, pH 7.4, containing 1% bovine serum albumin (1% BSA/PBS) and incubated overnight in a moist chamber with the mouse anti-MLG antibody diluted 1 : 1,000 in 1% BSA/PBS. After washing, the sections were incubated for 1 h with a goat anti-mouse IgG coupled to 15 nm gold particles (British BioCell International, Ltd.) in 1% BSA/PBS. Finally, the sections were stained with 2% uranyl acetate for 20 min and observed under a JEM-1200EX transmission electron microscope (JEOL Ltd.) at 80 kV. Digital images were taken with a CCD camera (Veleta, Olympus soft imaging solutions GmbH).
Analysis of the mechanical properties of leaf blades with a creep meter
Leaf blades of plants grown under normal and +Si/ÀSi conditions were subjected to creep tests as described by Yamamoto et al. (2012) . Both sides of a cut leaf blade were attached with Scotch mounting tape (3 M) to the edges of separate stages at 1 cm intervals. The stages were positioned to load the middle of the sample onto the sensor. The change in load and the distance moved were monitored with a creep meter (Rheoner II Creep Meter, REZ-33005B, Yamaden).
Histochemical analysis of b-glycans and lignin
Leaf blades was cut into 70 mm thick cross-sections and immediately fixed in PBS containing 4% paraformaldehyde. The sections were incubated in Calcofluor White (0.01%) and visualized via confocal laser scanning microscopy. Lignin was visualized using phloroglucinol staining (Hongo et al. 2012) . The sections were cleared with a mixture of chloral hydrate, glycerol and water (8 : 1 : 2, w/v/v), and observed immediately using differential interference contrast optics (DMRPX; Leica). Images were recorded using a CCD camera (Retiga EXi; QImaging).
Measurement of Si content
The above-ground portions of 4-week-old seedlings and the leaf blades at foliar age 5.2 were harvested, freeze-dried and ground to a powder. Each sample was microwave digested in a mixture of 3 ml of HNO 3 (62%), 3 ml of hydrogen peroxide (30%) and 2 ml of hydrofluoric acid (46%), and the digested sample was diluted to 50 ml with 4% boric acid. The Si concentration in the digest solution of the 4-week-old seedlings was determined by the colorimetric molybdenum blue method at 600 nm as described previously (Yamaji and Ma 2009 ). The Si contents of the leaf blades were determined using an inductively coupled plasma atomic emission spectroscope according to the manufacturer's instructions (ICPS-8100; Shimadzu).
Histochemical analysis of silica body staining
Silicified cells were visualized by staining the sections of the leaf blades with crystal violet lactone according to the method described by Isa et al. (2010) , with minor modifications. The leaf blades were cut into 70 mm cross-sections and immediately fixed in PBS containing 4% paraformaldehyde. Fixed samples were transferred and incubated sequentially in 70, 80, 90 and 100% ethanol. The dehydrated samples were then sequentially transferred to ethanol containing increasing concentrations of benzene from 10% to 100% by 10% stepwise increments to exchange the solvent with benzene. Benzene-equilibrated samples were stained with benzene containing 0.1% crystal violet lactone to visualize the silicified cells. To detect silica bodies, the leaf blades were decolorized with 70% ethanol at room temperature for 3 d and subsequently stained in a boiling phenol solution containing 0.001% safranin for 5 min according to the method described by Yamaji and Ma (2009) .
Scanning electron microscopy
For observation with a SEM-EDX, leaf blades were cut into 120 mm crosssections and immediately fixed in PBS containing 4% paraformaldehyde. The cross-sections were freeze-dried and examined with an SEM (JSM-6610F, JEOL Co. Ltd.) equipped with an EDX system (JED-2300, JEOL Co. Ltd.).
Supplementary data
Supplementary data are available at PCP online. 
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